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Introduction 

Nanostructured materials can be formed through the sol-gel polymerization of 

inorganic or organic monomer systems. For example, a two step polymerization of 

tetramethoxysilane (TMOS) was developed such that silica aerogels with densities as low 

as 3 kg/m3 (- two times the density of air) could be achieved.',' Organic aerogels based 

upon resorcinol-formaldehyde and melamine-formaldehyde can also be prepared using 

the sol-gel p r o ~ e s s . ~ - ~  Materials of this type have received significant attention at LLNL 

due to their ultrafine cell sizes, continuous porosity, high surface area and low mass 

density.8 For both types of aerogels, sol-gel polymerization depends upon the 

transformation of these monomers into nanometer-sized clusters followed by cross- 

linking into a 3-dimensional gel network. While sol-gel chemistry provides the 

opportunity to synthesize new material compositions, it suffers from the inability to 

separate the process of cluster formation from gelation. This limitation results in 

structural deficiencies in the gel that impact the physical properties of the aerogel, 

xerogel or nanocomposite. In order to control the properties of the resultant gel, one 

should be able to regulate the formation of the clusters and their subsequent cross-linlung. 

Towards this goal, we are utilizing dendrimer chemistry to separate the cluster 

formation from the gelation so that new nanostructured materials can be produced. 

Dendrimers are three-dimensional, highly branched macromolecules that are prepared in 
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such a way that their size, shape and surface functionality are readily controlled.' The 

dendrimers will be used as pre-formed clusters of known size that can be cross-linked to 

form an ordered gel network (Figure 1). Consequently, incorporation of dendrimers into 

the sol-gel process should allow for greater control over both the composition and 

Molecular 
Control 

R+R 

R+R R 

R R+R f 
R-+R 

R 
R 

R+R R R  

R 

Tailored design and 
synthesis of reactive 

multifunctional organic and 
organometallic monomers 

Mac rom ol ecu la r and 
Site Specific Control Control 

Architechtural 

.. ' .  

._. ... . .  1 ~ ' . '. 
Control cluster ("sol") formation 
and activate specific sites for 

cross-linking. 
Preorganized groups 

By judicious choice of cross- 
linking agents, gel formation and 

properties can be controlled 

Figure 1. Incorporation of dendrimers into the sol-gel process 

architecture of the resultant nanostructured materials. This approach should address 

many of the shortcomings currently associated with organic sol-gel chemistry. For 

example, in many low density organic gels, only 10-15% of the material is actually 

interconnected in such a manner that it can support a load, implying that 85-90% of the 

mass is present as "dead ends" or ''loops."1o Through judicious choice of starting 

materials and cross-linking agents, we may be able to eliminate these loose ends and 

improve the structural integrity of the resultant gel. Structural improvements may also 

effect the processing of sol-gel products, eliminating the lengthy and expensive extraction 

process. In addition, functionalization of organic aerogels has been, to date, problematic 
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and largely unsuccessful. Since the step-wise synthesis of the dendrimers allows us to 

incorporate specific moieties into their framework, this approach would be an effective 

way to change the bulk properties of aerogel materials for specific applications. Such 

functional groups can include organometallic species (catalysis), organic dyes and related 

moieties (smart materials, sensors) and molecular templates or imprints (membranes, 

separations, smart materials). This report highlights many of the technical achievements 

we made in the design of these novel nanostructured materials over the three years 

(FY99-FYO1) of this project. 

Technical Accomplishments 

As described earlier, the sol-gel process involves the condensation of monomers 

into clusters that then cross-link to form the three-dimensional gel network. Our strategy 

was to use dendrimers as pre-formed clusters with the goal of controlling both the 

composition and architecture of the resultant aerogel. If we appropriately tailor the 

surface chemistry of the dendrimers with groups that are reactive under sol-gel 

conditions, we should be able to control the assembly of the dendrimers into the three- 

dimensional gel network. In addition, the step-wise synthesis of the dendrimers allows 

for the incorporation of specific functionality into the gel framework. Since the main 

building blocks for organic aerogels are either resorcinol (1,3-dihydroxybenzene) or 

melamine (1,3,5triaminotriazine), our target molecules were dendrimers containing 

multiple resorcinol or amine units at their periphery. These macromolecules could then 

be reacted with selected cross-linking agents, such as formaldehyde, under sol-gel 

conditions to afford new organic aerogels. 
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As a first step in the assembly of multi-dendrimer arrays, we prepared a new class of 

sol-gel materials, termed dendrigels," based on pol yamidoamine (PAMAM) dendrimers. 

We chose to start with PAMAM dendrimers for three 

reasons: (1) a range of generations (sizes) is commercially 

available, (2) the structures of these dendrimers have been 

studied and (3) we can exploit the synthetic versatility of 

the amino groups to cross-link the dendrimers. Reaction 

of the peripheral amino groups of the PAMAM dendrimer 

with appropriate equivalents of formaldehyde, under 

conditions analogous to those used to prepare melamine- 

Figure 2. Photograph of the 
transparent dendrigel in a vial 

formaldehyde gels, produces highly cross-linked mu1 ti-dendri mer networks (Figure 2 ) .  

Specifically, treatment of PAMAM G3 dendrimer (32 terminal amino groups) in 1:l (v:v) 

solution of water and MeOH with 16 equivalents of formaldehyde (37% solution in H,O) 

affords a stable organic gel. Interestingly, no catalyst was required to initiate the 

polymerization reaction. In an attempt to obtain an aerogel, the solvent retained in the 

porosity of the gel was exchanged for acetone prior to supercritical extraction with 

carbon dioxide (1200 psi at 50 "C). The structural integrity of the gels is maintained 

during the solvent exchange, but a significant amount of densification was apparent 

following the supercritical extraction. The final density of the xerogel monolith was 

determined to be -900 mg/cm'. Due to the significant densification that occurred during 

processing, it was difficult to obtain BET surface area and pore volumes for the xerogel 

product. We are currently looking to incorporate other cross-linking agents in to  

molecular architecture of the gel. The size and rigidity of these cross-linking agents will 
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affect the interconnectivity of the dendrimers and, as a result, judicious choice of cross- 

linlung agents may improve the structural integrity of the materials. 

We have also focused our efforts on the preparation of new dendrimers containing 

multiple resorcinol units at the periphery. Molecules of this type can be synthesized 

through the incorporation of resorcinol derivatives into the dendrimer framework. A 

number of important issues, however, had to be addressed prior to the synthesis of these 

dendrimers. For example, we had to determine if the resorcinol derivatives would retain 

the reactivity of the parent resorcinol molecule in the sol-gel polymerization process. 

Another challenge in the synthesis of these materials is finding a suitable protecting 

group for the hydroxy groups of the resorcinol units. The protecting group must be 

robust enough to survive the synthesis of the dendnmer, but should be readily cleaved in 

high yield from the resorcinol groups once the synthesis is complete. In addition, we also 

needed to find alternative solvent media for the sol-gel reaction since many of these 

dendrimers will not be soluble in water. We were able to resolve these issues through the 

use of lower generation (size) dendrimers containing only two or three resorcinol units 

attached to a central core molecule. In effect, these compounds were used as model 

compounds for the higher generation dendrimers, without the time and expense 

associated the synthesis of the larger macromolecules. These model compounds not only 

allowed us to solve the problems listed above and, therefore, optimize the sol-gel reaction 

conditions for the larger dendrimers, but they also represent a interesting class of starting 

materials for novel sol-gel products. Using functional core molecules, such as metal 

complexes, binding sites or fluorophores, these new sol-gel precursors can be used to 

prepare functionalized organic aerogels. 
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Toward this goal, we synthesized new functionalized aerogels from smaller 

dendrimers containing a site capable of coordinating metal ions.'2 Such aerogels may 

have application as advanced catalyst supports or as adsorbent for metal remediation of 

waste streams. In general, these sol-gel precursors were synthesized through the reaction 

of a protected resorcinol derivative with a metal chelate. As a specific example, we 

reacted the sodium salt of 1,2-ethanedithiol with 3,5-dimethoxybenzyl chloride (the 

resorcinol derivative). Subsequent removal of the methyl protecting groups from the 

resorcinol moieties with boron tribromide yielded a new sol-gel precursor capable of 

coordinating a variety of metal ions. These precursors were polymerized under sol-gel 

conditions to generate aerogels containing metal binding sites (Figure 3). 

BBr3, CH2Cl2 

Organic Metaleinding Aerogel Sites with Formaldehyde, Na2C03 catalyst DMF " S T S T S ~ O H  

OH OH 

Figure 3. Synthesis of dendrimer model compounds containing multiple resorcinol units 

While these functionalized aerogels are inherently interesting in their own right, this 

work allowed us to optimize the sol-gel process for the higher generation dendrimers. 

Since these molecules were not soluble in water, we were able to determine alternative 

solvent systems that were suitable for the non-aqueous sol-gel polymerization of the 

larger dendrimers. From this work, we were also able to determine which resorcinol 

derivatives polymerized under sol-gel conditions and which resorcinol protecting groups 
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were most compatible with the dendrimer synthesis. All of these results were applied to 

the synthesis of the higher generation dendrimers. 

With a reliable synthetic protocol established, we expanded our efforts to the 

synthesis of the higher generation dendrimers containing peripheral resorcinol units. We 

focused on the synthesis of two main types of dendrimers. One class will be used to 

build function into the aerogel framework. The step-wise synthesis of these dendrimers 

allows us to incorporate specific moieties (i.e. metal species, binding sites, sensing 

moieties) into their framework. The other type of dendrimer will be used to improve the 

structural efficiency of the aerogel network. These dendrimers will be composed of rigid 

building blocks, reinforcing the extended 

architecture of the aerogel. 

For the synthesis of the functionalized 

dendrimers, we chose to work with 

dendrimers in which each generation consists 

of benzyl ether repeat units. This type of 

dendrimer13 provides a great deal of synthetic 

flexibility and, as such, we can add specific 

functional groups to the dendrimer 

framework, namely with the core molecule. 

The allyl group was selected as the 

protecting group since allyl ethers are 

HO 

OH 

-7 
4 

HO 

Figure 4. Generation 2 dendrimer containing 
peripheral resorcinol moieties 

readily prepared from the resorcinol derivatives and allyl bromide, and cleaved in high 

yield using bis(tripheny1phosphine)palladium dich10ride.I~ Using a convergent growth 
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method, we were able to synthesize generation 1 and generation 2 dendrimers containing 

peripheral resorcinol units (Figure 4).15 Once the allyl groups were removed, these 

dendrimers were then reacted under sol-gel polymerization conditions to generate new 

organic aerogels. These new aerogels had 

densities between 200 and 300 mg cm-’ with 

surface areas similar to those of traditional 

aerogels. Transmission electron microscopy 

showed that the primary particle sizes were 

between 10 to 20 nm (Figure 5 ) .  We are 

currently focusing on the synthesis of larger 

generation dendrimers containing some of the 

70.00 nrn I 

Figure 5. Transmission electron micrograph 
(TEM) of organic aerogel prepared from 
dendrimers containing resorcinol units 

functional groups described above. While the core molecule for these dendrimers was 

l,l,l-tris(4-hydroxyphenyl)ethane, the convergent synthesis allows for the incorporation 

of a variety of functional core molecules into the dendrimer. 

For the synthesis of the rigid dendrimers, we chose to employ phenylacetylene units16 

as our rigid building blocks. These groups should impart greater structural integrity to 

the aerogel than the repeat units of the functionalized dendrimers. In addition, these 

dendrimers will be constructed from a rigid core molecule, like adamantane, to further 

reinforce the structure. For these dendrimers, we selected the methyl protecting group 

due the easy synthesis of aryl methyl ethers and the robust nature of group.” In addition, 

we can employ a variety of methods for cleavage of the methyl group (i.e trimethylsillyl 

iodide or boron tribromide), which provides us with a great deal of flexibility in  

constructing the dendrimer. With this approach, we were able to prepare a number of 
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working on the removal of the methyl groups 

9 

II 

rigid methyl protected dendrimers (Figure 6)'' 

These materials were prepared through the 

from the resorcinol units so that these rigid 

dendrimers can be used to prepare new organic Me bOM. 
Figure 6. An example of a rigid dendrimer, a 
methyl-protected dendrimer consisting of an 

adamantane core and phenylacetylene linkages 
aerogels with improved structural efficiency. 

Summary 

The overall goal of this project was the incorporation of dendritic methodology into 

sol-gel synthesis for the design of new tailored nanostructured materials. The synthetic 

versatility associated with dendrimers should allow us to control both the assembly of the 

multi-dendrimer arrays as well as the composition and function of the materials. Over the 

three years of this project (FY99-FYOl), we were successful in preparing a number of 

novel organic aerogels through the sol-gel polymerization of dendrimers. Based on our 

results, it is clear that the use of dendrimers and related compounds in the sol-gel process 

can be used to modify both the structure and properties of organic nanostructured 

materials. This work has been presented at two American Chemical Society National 

Meetings and has produced one publication, with three more manuscripts in preparation. 

Most importantly, we have obtained external funding from the DOE Joint DP/BES 

Nanoscience Network based, in part, on the work presented here. This funding enables 
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us to collaborate with groups at Los Alamos, Argonne, Sandia and Pacific Northwest 

National Laboratories with the goal of designing new tailored nanostructured materials. 
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